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Abstract
We theoretically study transmission in nanowaveguide coupled to high-quality plasmon reso-
nances for which the metal loss is overcompensated by gain. The on-resonance transmission can
vary widely from lower than –20dB to higher than 20dB for a range of gain coefficient. A re-
versible transition between the high-quality amplification and the suppression can be induced by
a quite small change of gain coefficient for a moderately increased distance between the waveg-
uide and the resonator. It is expected that in practice a small change of gain coefficient can be
made by flexibly controlling pumping rate or utilizing nonlinear gain. Additionally, based on the
frequency-dependant model for gain-transition susceptibility, it is shown that the wide variation
of the on-resonance transmission can also be observed for defferent detuning of the gain-transition
line-center. Such a widely controllable on-resonance transmission is promising for applications such
as well-controlled lumped amplification of surface plasmon-polariton as well as plasmonic switching.
PACS numbers: 73.20.Mf, 78.67.-n, 73.21.-b, 42.79.Gn
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1. INTRODUCTION
Plasmonic devices provide a means of guiding and manipulating light at deep subwave-
length scales [1–3] and have found applications such as spectroscopy [4], imaging [5], biosens-
ing [6, 7], circuitry [8], cancer treatment [9, 10] and solar energy conversion [11]. Surface
plasmons are fundamentally lossy due to the metal losses such as the ohmic losses and the
interband transitions in the metals limiting their practical applications. The use of gain
media where the population inversion is created optically or electrically has been suggested
for compensating the metal loss, surface plasmon amplification or spasing [12, 13] and ex-
perimentally demonstrated[14–18]. Stimulated emission of surface plasmon polaritons has
been theoretically [19] and experimentally [20, 21] studied.
In Ref. [22], they proposed gain-assisted plasmonic switch consisting of a gold-air-gold
plasmonic waveguide coupled to a resonator filled with gain medium for gain coefficient
exactly compensating for the metal loss.
In this paper we study transmission in such a similar structure for gain coefficient larger
than the exactly metal-loss-compensating one. The transmission is widely changeable from
smaller than a hundredth to larger than a hundred for a range of gain coefficient larger than
the exactly metal-loss-compensating one. A reversible transition between the high-quality
amplification and the suppression can be induced by a quite small change of gain coefficient.
Such a transition can also be induced by changing a detuning of the gain-transition frequency.
For calculations we introduce a model for frequency-dependant gain coefficient.
2. GAIN-ASSISTED HIGH-QUALITY PLASMON RESONANCE
Quality factor of plasmon resonance can be expressed by [12]
Q =
ω ∂Res(ω)
∂ω
2Ims (ω)
, (1)
s (ω) =
εh
εh − εm (ω) , (2)
where s (ω) is the Bergman’s spectral parameter [23], εm (ω) is the permittivity of embedded
metal and εh (ω) is the permittivity of embedding dielectric host medium. If we introduce
a gain material in the host medium,
εh = εd + χg (3)
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where εd is the permittivity of embedding dielectric excluding the gain transition contribu-
tion and χg is the gain-transition susceptibility.
If we reasonably assume
|εd| >> |χg| , |Reεm (ω)| >> |Imεm (ω)| , (4)
the imaginary part of the Bergman’s parameter is approximately expressed as
Ims ≈ εd |Reεm (ω)|
[εd + |Reεm (ω)|]2
[
Imεm (ω)
|Reεm (ω)| −
|Im [χg]|
εd
]
. (5)
From Eq. (1) and (5), we can obtain the gain coefficients for high-quality plasmon resonances
g0 (ω) =
√
εdω
c
Imεm (ω)
|Reεm (ω)| . (6)
In the derivation of Eq. (6), we considered that the gain coefficient is given in general by
g = 2 |Im√ε|ω/c = ω |Imε| /c√Reε ≈ ω |Imχg| /c√εd. Eq. (6) is essentially same as the
spasing criterion gth in Ref. [24] and the condition for large quality factor in Ref. [25] under
the assumption (4). Fig. 1(a) shows g0 according to wavelength for silver and gold assuming
the dielectric permittivity εd = 12.25. The experimental data for the permittivity of slilver
and gold according to wavelength [26] are directly used. As shown in Fig. 1(a), silver is
better than gold for high-quality plasmon resonance. Moreover, resonance wavelengths near
1.1µm for silver are promising if we consider that a gain coefficient greater than 3000cm−1is
technically difficult to realize [24].
We take account of the frequency dependency of the gain-transition susceptibility χg. The
frequency-dependant gain-transition susceptibility χg (ω) can be expressed in the two-level
approximation [27] by
χg (ω) = g21
c
√
εd
ω21
(ω − ω21) /Γ12 − i
1 + (ω − ω21)2 /Γ′2
, (7)
where ω21 is the gain-transition line-center, Γ12 is the dipole dephasing rate, g21 is the line-
center gain coefficient and Γ
′
is the gain-transition line width. For a sufficiently strong
electric field [27],
g21 =
g021
1 + |E|2 / |Es0|2
, Γ
′
= Γ12
(
1 + |E|2 / |Es0|2
)1/2
, (8)
where Es0 is the line-center saturation field strength and g
0
21 = ω21N (ρbb − ρaa)(eq) |µ21|2 /
(√
εdΓ12ε0cη
)
[27] is the line-center gain coefficient for a weak electric field compared to Es0 .
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FIG. 1. (Color online) (a) The gain coefficients for high-quality plasmon resonances calculated
by Eq. (6) for silver and gold. Here, εd = 12.25. (b) The quality factor of plasmon resonance
calculated by Eq. (1), where εm is of silver. For the gain medium, εd is the same as in Fig. 1(a),
the gain-transition line-center in terms of the wavelength λ21 = 1.1µm, the dipole dephasing rate
Γ12 = 5 × 1013s−1 and the line-center gain coefficient g21 = 2000cm−1. It is assumed that the
electric field is sufficiently weak and Γ
′
= Γ12.
Fig. 1(b) shows gain-assisted improvement of plasmon resonance quality. The quality
factor is calculated by Eq. (1). The embedded metal is silver. For the gain medium,
εd is the same as in Fig. 1(a), the gain-transition line-center in terms of the wavelength
λ21 = 1.1µm, the dipole dephasing rate Γ12 = 5 × 1013s−1 [24] and the line-center gain
coefficient g21 = 2000cm
−1 corresponding to g0 (λ21) . It is assumed that the electric field is
sufficiently weak and Γ
′
= Γ12. As expected, in the narrow spectral range around 1.1µm a
peak of quality factor appears.
We choose a simple two-dimensional rectangular nanostructute with dimensions of 70nm
and 80nm filled with dielectric with the permittivity εd = 12.25 embedded in silver (shown
in the insect of Fig. 2) as a plasmonic resonator with resonance wavelength λres = 1.1µm.
When solving directly the Maxwell equation in frequency domain as an eigenfrequency
problem taking account of retardation effects, the eigenfrequency is ωres − iγ, where ωres
and γ means a resonance frequency and a relaxation rate due to the loss in metal, re-
spectively. For the above nanostructure, the numerical calculation shows ωres = 1.73 ×
1015s−1 (λres = 1.09µm), γ = 9.8 × 1012s−1 and Q = ωres/2 |γ|=88. The quality factor Q
of the plasmon resonance can be increased by introducing a gain material to the dielec-
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FIG. 2. (Color online) The quality factor Q and relaxation rate γ in two-dimensional rectangular
nanostructure with dimensions of 70nm and 80nm filled with gain medium embedded in silver
(shown in the insect) according to the line-center gain coefficient g21. For the gain medium,
λ21 = λres = 1.09µm and other parameters are the same as in Fig. 1(b).
tric rectangle as shown in Fig. 2. For the gain material, λ21 = λres and Γ12 is the same
as in Fig. 1(b). The line-center gain coefficient g21=1080cm
−1 for the maximum Q and
the zero γ, where the metal loss is exactly compensated, is significantly smaller than the
g0 (λres) = 2080cm
−1 expected in Fig. 1(a). This discrepancy is attributed to retardation
effects which is ignored in the quasistatic approximation in the derivation of Eq. (1). Near
the maximum Q, a sign of relaxation rate γ is changed. For a positive relaxation rate γ the
metal loss relaxes the local field to a stationary state, while the negative sign mathematically
means that the local field is exponentially enhanced for t → +∞ by a gain overcompen-
sating the metal loss, which is physically impossible. In fact, Eq. (8) shows an sufficiently
enhanced field decreases the gain coefficient so that the local field goes to a stationary state
with a great quality factor Q. Thus, for a line-center gain coefficient g21 greater than the
criterion value of 1080cm−1 , the rectangular nanoresonator can act as a two-dimensional
spaser.
3. AMPLIFICATION AND SUPPRESSION IN NANOWAVEGUIDE COUPLED
TO GAIN-ASSISTED HIGH-QUALITY PLASMON RESONANCES
We calculate transmission T and reflection R coefficients in a metal-insulator-metal
(MIM) nanowaveguide side coupled to the above gain-assisted plasmonic resonator [shown
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FIG. 3. (Color online) (a) Transmission T and reflection R spectra in a silver-air-silver nanowaveg-
uide side coupled to the plasmonic resonator [shown in the insect of (a)] for d = 50nm. (b) the
metal-loss-free state neglecting the imaginary part of the permittivity of silver. (c) the full-loss
state considering the metal loss. (d) same as (c) except that the gain g21 = 1100cm
−1 is included.
For the gain medium, other parameters are the same as in Fig. 2.
in Fig. 3(a)] by numerically solving the Maxwell equation in frequency domain. Our calcu-
lations well agree with the coupled-mode theory [22, 28].
In Ref. [22] a quite similar structure was studied mainly focusing on the range between the
high-loss state without pumping and the exact metal-loss-compensation state with pumping.
Fig. 3(b)-(d) shows essentially the same facts as in Ref. [22] that the metal-loss-free state
[shown in Fig. 3(b)] neglecting the imaginary part of the permittivity of silver can be
reproduced for a certain gain coefficient [shown in Fig. 3(d)], while Fig. 3(c) shows the full-
loss state without gain. The g21 = 1100cm
−1 [shown in Fig. 3(d)] almostly coincidences with
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FIG. 4. (Color online) Transmission T and reflection R spectra in the nanowaveguide side coupled
to the plasmonic resonator same as in Fig. 3 with a gain coefficient larger than the one for the
exact metal-loss-compensation. (a) Broadband full transmission T=1 and on-resonance amplified
reflection R (λres) = 4 for g21 = 1190cm
−1. (b) High-quality amplification of both transmission
and reflection for g21 = 1300cm
−1. For the gain medium, other parameters are the same as in Fig.
2.
the g21 = 1080cm
−1 for the exact metal-loss-compensation [shown in Fig. 2]. The difference
between these two gain coefficients is attributed to a metal loss in the MIM waveguide.
Whereas the rectangular plasmonic resonator with a g21 larger than the exactly metal-
loss-compensating one has no physically stable state as shown in Fig. 2, the resonator with
such a larger g21 coupled to waveguide has stable states as shown in Fig. 4, where an excess
energy produced by overwhelming gain can leak from the resonator through the waveguide.
For g21 = 1190cm
−1, broadband full transmission T=1 and on-resonance amplified reflection
R (λres) = 4 can be seen in Fig. 4(a). A further larger gain coefficient can give rise to a
high-quality amplification of both transmission and reflection as shown in Fig. 4(b).
Transition between the suppression [Fig. 3(d)] with the zero of on-resonance T and the
high-quality amplification [Fig. 4(b)] with a large on-resonance T can be induced by a
change of gain coefficient as shown in Fig. 5(a). The interval between the gain coefficients
for the high-quality amplification and the suppression rapidly decreases with the increase
of the distance d between the resonator and the waveguide and can be quite small for a
moderately increased d. The longer distance d results in the weaker coupling between the
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FIG. 5. (Color online) On-resonance transmission of the waveguide coupled to the gain-assisted
plasmonic resonator [shown as Fig. 3(a)] with different distances d according to the line-
center gain coefficient g21 (a) and the normalized detuning of the gain-transition line-center
δ = (ω21 − ωres) /Γ12(b). In (b) g21 = 1300cm−1 for d = 50nm, g21 = 1120cm−1 for d = 70nm
and g21 = 1090cm
−1 for d = 100nm corresponding to the high-quality amplification peaks in (a).
Other parameters for the gain medium are the same as in Fig. 2.
waveguide and the resonator and thus the less leakage from the resonator which can be
compensated by the smaller increment of gain coefficient. Here, it is noted that the position
of gain coefficient for the suppression is independent on the distance d. The transition
can be also induced by changing the normalized detuning of the gain-transition line-center
δ = (ω21 − ωres) /Γ12 as can be seen in Fig. 5(b).
4. CONCLUSIONS
The transmission in nanowaveguide coupled to high-quality plasmon resonances for which
the metal loss is overcompensated by gain can vary in wide range from lower than –20dB
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to higher than 20dB for a range of gain coefficient, width of which can be quite small for
a moderately increased distance between the waveguide and the resonator. We expect that
in practice a small change of gain coefficient can be made by flexibly controlling pumping
rate or utilizing nonlinear gain. The widely variable transmission can also be observed for
defferent detuning of the gain-transition line-center. The widely controllable on-resonance
transmission is promising for applications such as plasmonic switching and lumped amplifi-
cation of surface plasmon-polariton.
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